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Electroless Addition of Catalytic Pd to SnO;
Nanopowders
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A new procedure based on the electroless reduction of PdCI, using Sn(ll) as reducing agent
is reported to efficiently add a controlled amount of Pd to nanoscaled SnO, powders. The
characterization of these powders using XRD, Raman spectroscopy, XPS, ICP, and TEM is
presented and discussed in order to show the feasibility of the proposed catalyst addition
mechanism as a useful tool for the improvement of existing catalytic materials for gas sensors.
Several palladium salt concentrations and reducing agent ratios and also different annealing
temperatures have been used to analyze the influence on the morphology and composition
of the samples. Results showed the presence of uniformly distributed metallic Pd clusters
on the SnO, surface at any annealing temperature and the formation of well-distributed
PdO clusters of less than 3 nm after annealing at sufficiently high temperature, with
incorporation in this case of palladium into the nanoscaled SnO, particles.

Introduction

Since Seiyama et al.! developed the first chemical gas
sensor, sensing materials that exhibit changes of con-
ductivity after gas exposures have become a wide topic
of experimental studies. Nowadays tin(1V) oxide (SnOy)
is the most used material in this kind of sensor.23 Effort
has been devoted to overcome most of the problems that
these sensors present—mainly low sensitivity, low se-
lectivity, and low stability. So it has been shown* that
sensing material in the nanoparticle phase improves the
ratio response/noise (sensitivity) of the chemical sensor.
Moreover, it is known that the introduction of small
guantities of noble metals (such as palladium or plati-
num) increases the sensitivity to some gases (i.e.
improves selectivity) and the sensor can be operated at
lower sensing temperatures (i.e. improving stability).>7
Both sensitivity and selectivity also depend on the
distribution, chemical state, and cluster size of the
added noble metals® and, thereby, both mainly depend
on the procedure used to obtain the sensing material.®
Nowadays, impregnation continues to be the most useful
addition method.2>° There are many variations, but the
basic procedure consists in the dissolution of a noble
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metal salt in a proper agueous solution, stirring this
solution together with the base material, and a final
drying step. Within this context, the aim of this paper
is to present an easy and improved procedure to obtain
a tin oxide sensor with added Pd catalyst that also
allows us to control its properties, thus avoiding some
of the disadvantages shown by existing methods. Elec-
troless metal deposition processes have been widely
used since their introduction by Brenner and Riddell*?
to provide metal coating of surfaces by simple immersion
in a suitable aqueous solution. Its principles and
behavior are well established!? and, thus, metal deposi-
tion is obtained by reduction of metal ions present in
the solution by means of a chemical reducing agent. The
advantages of the proposed technique are its high
reproducibility, mass production potential, time savings,
and low cost. Moreover, the reduction of aqueous
solutions of Pd(Il) salts using a Sn(ll) salt is a well-
known process of activation of surfaces for further
electroless deposition of other catalysts such as
Cul2714 and Ni.!®> Nevertheless, the Pd(ll) electroless
process has been scarcely used either for direct pal-
ladium addition or for a two-step palladium electroless
addition process.1® In our procedure, SnO, nanopowders
incorporate palladium catalyst provided from a solution
containing PdCl, and it is deposited via a single-step
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electroless process with SnCl, acting as reductor. A set
of metal salt and reductor concentrations in the solution
are used to analyze the influence on the final catalyst
concentration of SnO,. A set of programmed annealing
temperatures is also applied to the samples to know the
influence of temperature on the chemical composition
of the sample.

Experimental Details

The preparation of catalyzed tin oxide has been typically
obtained by adding 2 g of an SnO, powder to 100 cm? of a PdCl,
aqueous solution with the corresponding palladium concentra-
tion in 5 x 102 M HCI (since acid enables the palladium salt
solution process, we choose the proposed solution to have at
anytime an excess of the acid with respect to the different
palladium concentrations studied). The solution is then rinsed
in a Memmert model WB14 bath provided with a MOO rinsing
machine, thus obtaining a solid suspension of the SnO, powder
in the catalyst solution. The temperature (30 °C) and the rinse
rate were maintained during 15 min just to achieve the
thermal equilibrium. Then, 10 cm?® of a freshly prepared
aqueous solution of SNCl, in 5 x 1072 M HCI is added and the
whole solution is rinsed at the same temperature and rate for
50 min.

The basic electroless process is thus as follows:

Pd*" + sn®* —sn*" + Pd E°=0.800V
which can be decomposed into the following half-cell processes:

E° = 0.951 V'
(1a)
E° = —-0.151 V¥ (1b)

Pd*" +2e” —Pd (metal reduction)

sn?t —sn** +2e~  (oxidation)

We have used three different nominal atomic Pd/Sn ratios:
0.1, 1, and 5 atom %. These ratios were tried to study the whole
range of the usual concentrations used for gas-sensing ap-
plications of Pd addition on SnO,*® For each Pd/Sn ratio, two
different concentrations of SnCl, in the final solution are
used: either stoichiometric concentration Sn*/Pd?* ratio or
10 times this ratio. Afterward, a filtration using Albet model
420 filters is released, rinsing with diluted HCI and then with
water. A final desiccation process at 80 °C was done to collect
the final powder.

Then, a thermal treatment is applied on some of the
obtained powders using a muffle furnace. This treatment
consists of a 8 h heating at the desired temperature (either
200, 450, or 800 °C), reached at a rate of 20 K min™.

X-ray diffraction (XRD) patterns have been obtained with
a Siemens D-500 X-ray diffractometer using Cu Ko radiation
(A = 1.5418 A), with an operating voltage of 40 kV and a
current of 30 mA. Data were collected in steps of 0.05° (26)
from 20° to 80°.

X-ray photoelectron spectroscopy (XPS) data were collected
in a Physical Electronics 5500 spectrometer, working at a
vacuum pressure of 8 x 1077 Pa. Al Ka X-ray source, which
produces photons with an energy of 1486.6 eV and a natural
line width of 0.9 eV, was used.

A Perkin-Elmer Optima 3200 RL spectrometer was used for
the induced coupled plasma-optical emission spectroscopy
(ICP—OES) measurements. It has a radio frequency source of
40 MHz, with a working power between 750 and 1500 W and
a segmented-array charge coupled device (SCD) detector with
simultaneous measure of 235 subarrays.

With respect to the ICP analysis, the knowledge of the
analysis process itself is useful for the results presented below.
Thus, to analyze the sample, we need to have the sample in
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Figure 1. XRD diffractograms of two samples obtained from
solutions with nominal 5 atom % Pd and a SnCl, concentration
10 times the stoichiometric ratio: (a) nonannealed and (b)
annealed at 800 °C.

solution, and the dissolution process is made in three sequen-
tial chemical steps:

(1) The sample is immersed in a solution of aqua regia in
order to solubilize all the catalyst species present on the
surface. In this process we also solubilize possible tin species
not coming from tin oxides. (2) An alkali fusion process with
Na,O, and Na,CO; solubilizes tin oxides. (3) If any solid
remains after the second step, it is again solubilized in a
solution of aqua regia.

A Jobin Yvon T64000 Raman spectrometer with an IN-
NOVA 300 Coherent Ar laser, a triple monochromator (1800
g/mm), a bidimensional charge coupled detector cooled with
liquid nitrogen, and an Olympus BH2 microscope was used
for Raman analysis.

Transmission electron microscopy (TEM) was carried out
on a Phillips CM30 SuperTwin electron microscope operated
at 300 keV with 0.19 nm point resolution. For TEM observa-
tions, SnO; nanopowders were ultrasonically dispersed in
ethanol and deposited on amorphous carbon membranes.
Image processing was made using DigitalMicrograph and
Photoshop software. Lattice spacing values obtained from
image processing were compared with those published in
JCPDS lists: Sn0,,'° Pd,?° and PdO.?*

All solutions have been prepared with p.a. grade reagents
and triply distilled water, which is also used for all water
rinses. Products used are PdCl; (99.9%), SnCl; (99%), and SnO,
(99.9%) (all from Alfa) and HCI (37% fuming) from Merck.

Results and Discussion

The XRD pattern of two samples with the highest
catalyst percentage (Figure 1) show the diffractogram
obtained for the blank sample (the pattern of this blank

(19) JCPDS 1997, 41—1445,
(20) JCPDS 1997, 46—1043.
(21) JCPDS 1997, 41-1107.



4364 Chem. Mater., Vol. 13, No. 11, 2001

120+ a)
100+ .
S 80 i
s i
Z 60 u
0 l}:
s 11
2 RSk RSN
€ 40 - Setthean ettt e T e oras e
4 ﬂ‘“.w_”r‘.nwA-....-- .n...-‘"_”.,‘\_““,__-_“.“
20
o T T T T T T T 1
300 400 500 600 700 800 900 1000
. g
Raman shift (cm )
1204
100
S 804
s
£ 60
[72]
= -4
7}
£ 404
204
0 T T T T T T T 1
300 400 500 600 700 800 900 1000
Raman shift (cm™)
S
A
=
[
c
b
i}
&

T T 1
650 660 670

T
620 630 640

Raman shift (cm™)

Figure 2. Raman spectra of (a) samples obtained from
solutions with nominal 5 atom % Pd and a SnCl, concentration
10 times the stoichiometric ratio: —, nonannealed; ---, an-
nealed at 200 °C; -~ annealed at 800 °C. Raman spectra of (b)
samples annealed at 450 °C: —, nominal 0.1 atom % Pd,
stoichiometric SnCl,; ---, nominal 0.1 atom % Pd, a SnCl,
concentration 10 times the stoichiometric ratio; =, nominal 1
atom % Pd, stoichiometric SnCl,; ——, nominal 1 atom % Pd,
a SnCl, concentration 10 times the stoichiometric ratio; —
nominal 5 atom % Pd, stoichiometric SnCl,; ——, nominal 5
atom % Pd, a SnCl, concentration 10 times the stoichiometric
ratio. (c) A close up view of spectra (b.)

sample is that of cassiterite!®) with some additional
phases corresponding to the added catalyst. The mean
grain size calculated from the Debye—Scherrer equation
for the used SnO, is of 62 + 2 nm for the nonannealed
samples. This size increases slightly with the annealing
temperature, reaching a mean grain size of 65 + 1 nm
in the samples annealed at 800 °C. With respect to the
added catalyst, in the nonannealed sample only the
peaks corresponding to metallic palladium are detected
(Figure 1a)2° and in the one annealed at 800 °C only
those of PdO are present (Figure 1b).2! The evidence of
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Figure 3. XPS spectra of the samples obtained from solutions
with nominal 5 atom % Pd and a SnCl, concentration 10 times
the stoichiometric ratio: (a) nonannealed; —, acquired spec-

trum; ---, metallic palladium; =, PdO; —-—, PdCl;; (b) annealed
at 800 °C; —, acquired spectrum; ---, metallic palladium, =,
PdO; —-—, PdO,.

PdO after annealing at sufficiently high temperature
is in agreement with the results reported for samples
obtained by using other addition techniques.?2-24 In the
samples with lower nominal catalyst concentrations, no
XRD palladium phases have been detected, because the
abundance of these phases lies below the XRD detection
limit, but the same behavior is expected, as we will show
below.

Raman spectra of the whole set of samples (Figure 2)
show that among all the possible SnO, Raman bands?>26
we studied those bands currently detected, i.e., A1y (630
cm™1), Byg (774 cm™1), and Eqg (472 cm™1).27 In the added
catalyst samples, no additional Raman band is detected
in the nonannealed samples. This means that the main
part of the palladium in these samples is present in the
metallic state because of the high reflectivity of metals
to the laser radiation used in Raman measurements.
The presence of other palladium states (like PdCl,) at
sufficiently high concentration would have shown ad-
ditional Raman bands. An additional Raman band at
650 cm~1 is obtained when the sample is annealed either
at 450 or 800 °C, which is attributed to the most intense
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Figure 4. HRTEM images showing Pd and PdO phases in the sample with nominal 5 atom % Pd and a SnCl; concentration 10
times the stoichiometric ratio annealed at 800 °C. (a) PdO nanocluster embedded on a SnO, nanoparticle’s surface. (b) A Pd
nanocluster on a SnO; surface. The filtered images separating Pd and SnO; planes are also shown. (c) Mean diameter size histogram

of PdO nanoclusters measured on several HRTEM images.

and practically the unique visible PdO Raman band.?*
The area ratio of this band with respect to that of SnO,
Aig Raman band increases with catalyst concentration
(Figure 2b). The two other SnO, Raman bands decrease
their area as the catalyst concentration increases until
they disappear, and as a result, the SnO, Raman
spectra is completely masked (Figure 2a). In addition,
the PdO and the SnO, A;g Raman bands shift to more
negative values as the catalyst concentration increases
(Figure 2c). All shifts were corrected taking as reference
the silicon Raman band at 520 cm~1. The shift in Figure
2c allows us to speculate about the possible incorpora-
tion of palladium in to the SnO; structure.

To know where the catalyst is distributed in the SnO,
nanopowders, we have also investigated the XPS re-
sponse of the set of prepared samples. The spectra of
the sample with the highest catalyst concentration
without annealing and after annealing at 800 °C are
shown in parts a and b of Figure 3, respectively. All the
spectra were fitted to reach the right carbon position
(284.5 eV).28 Fittings are performed considering 80/20%

(28) Chastain, J. Handbook of X-ray Photoelectron Spectroscopy;
Perkin-Elmer Corp.: Minnesota, 1992.

Gaussian/Lorentzian orbital peaks and Shirley base-
lines,?® and the fitting results verify the presence of both
metallic palladium (3ds, peak at 335.1 eV)3° and Pd-
(1) at any annealing temperature. Pd(Il) is mainly
present as the chloride (3ds, peak at 337.2 eV)3! at low
annealing temperatures and as PdO (3ds/, peak at 336.1
eV)32 after annealing at 800 °C, where no chlorides were
detected. At high annealing temperatures there is the
additional presence of a higher oxidation state of Pd,
i.e., PdO; (3ds;; peak at 337.6 eV),3 that has not been
detected in the bulk.

Figure 4 shows the TEM analysis of the sample with
the highest catalyst concentration annealed at 800 °C.
A mixture of metallic Pd and PdO on the surface of the
SnO;, nanopowders is observed, and palladium was
demonstrated to be placed on the SnO, surface, forming
metallic Pd and PdO nanoclusters. Figure 4a enlights
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Figure 5. VB spectra for samples with a SnCl, concentration
10 times the stoichiometric ratio annealed at 800 °C: —,
nominal 0.1 atom % Pd; ---, nominal 1 atom % Pd; and -,
nominal 5 atom % Pd.

a PdO nanocluster placed on the surface of a SnO,
nanoparticle. The lattice spacing of the nanocluster was
calculated by the fast Fourier transform (FFT) of the
TEM micrograph. In this case, we obtained 2.15 A,
corresponding to the (110) PdO planes. In Figure 4b a
Pd nanocluster was imaged also on the SnO, nanopar-
ticle surface. We applied several frequency filters on the
FFT image in order to separate those planes corre-
sponding to Pd from those corresponding to SnO;
planes. Lattice spacing were also calculated on FFT
space and we obtained 3.35 A in the case of SnO,,
corresponding to (110) planes, and 2.25 A in the case of
Pd, corresponding to (111) planes.

The density of Pd nanoclusters on the SnO; grain
surface has been measured from the TEM images,
yielding (2.2 £ 0.2) x 102 cm~2. Measurements per-
formed on different SnO, particles have shown the
homogeneous distribution of these nanoclusters. After
analyzing over 100 nanoclusters we have found that
approximately 90% of them are oxidized (PdO), while
just 10% remain metallic (Pd). The mean diameter size
obtained for these nanoclusters is 24 + 2 A (see Figure
4c). Following these results, we can conclude that the
electroless method allowed us to obtain better nano-
cluster dispersion in the case of Pd than those impreg-
nation methods reported before elsewhere.3435 As shown
in previous contributions,3435 in the case of Pd loaded
on SnO, nanopowders using impregnation methods,
hardly any nanocluster formation was found on the
semiconductor’s surface.

The valence band of the samples after annealing at
800 °C obtained by XPS is shown in Figure 5. Surface
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Table 1. ICP Results of the Samples with the Highest
Catalytic Percentage

nominal Pd found/
Pd/Sn nominal annealing nominal SnCl, Pd inserted/
(atom %) SnCIl,/PdCl, temp (°C) Pd (%) (atom %) total Pd (%)

5 1 45 0.013 0
5 1 800 34.4 7 x 1074 71.95
5 10 87 0.069 0
5 10 800 48 0.003 80

states at the top of the valence band, below the Fermi
level, are observed and, as previously reported,3 can
be associated with the catalyst. The density of states
increases, of course, with catalyst concentration.

With respect to the ICP results, they are summarized
in Table 1. Only a few ICP partial results are reported
for impregnated samples.3” In our case, the results show
that the efficiency of the electroless method for the
catalyst addition to the SnO, nanopowders is very high,
specially when using a higher reductor concentration,
where we can find almost 90% of the expected Pd,
although in these samples the percentage of species
coming from the reductor salt present on the SnO,
surface is also higher if no annealing was applied.
Nevertheless, it should be stated that the chemical
process described here is not able to distinguish between
different oxidation states or compounds of palladium
and, thus, we are referring to total palladium (i.e., the
total palladium quantity coming from either metallic Pd,
PdCl,, PdO or any other palladium compound). This
efficiency has the same average value as that obtained
in classical impregnation and much higher than that
of impregnation without evaporation to dryness.3® The
efficiency decreases for annealed samples mainly due
to the loss of catalyst during the heating process and
also to the conversion of the reductor species, tin cations,
to tin oxide, because almost no reductor species are
detected after annealing. Moreover, the ICP results
showed that, in annealed samples at 800 °C, most of
the palladium is dissolved in the third chemical step
described in the Experimental Section. It could be
possible that palladium would be insoluble in aqua regia
for a determined palladium compound, but although,
for example, Pd—Sn alloys have been previously re-
ported,3® no evidence neither of these alloys nor of mixed
oxides have been obtained by us, so the most suitable
interpretation is that almost all the palladium dissolved
in the third chemical step is inside the SnO,. This
interpretation will also explain the Raman spectra
modifications yet described.
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